Abstract: Due to the small size and harsh transmission conditions of small-module gears, it is very difficult to measure gear characteristics with a modulus smaller than 1 mm. We proposed an optical coherence tomography (OCT) method for measuring small-module gears. Testing of a 30-tooth copper gear with a small modulus of 0.5 mm was carried out for the measurement of its modulus, tooth parameter, tooth number, pressure angle, modification coefficient, and tooth thickness by using OCT. In addition, the influencing factors on the measurement were discussed. The whole teeth profile of a 0.2 mm modulus gear was imaged by processing of the data collected from different clamping angles. Compared with the visual imaging without depth information and small-scale microscopic imaging, the OCT method has shown its superiority, and it has potential in the application of the measurement of micro gears with a small modulus of less than 0.2 mm.
Introduction
Micro gears with a modulus of 0.05 mm to 0.5 mm are widely used in precision measuring tools, navigation instruments, and chronometer clocks [1] . In addition, it also widely used as a key precision driving part in defense industry and the manufacturing of micro machinery [2] . In the process of transmission, if the tooth surface is damaged, it will affect the normal operation of machine maintenance and mechanical transmission. Because the quality of the tooth surface of the micro gears affects the precision, noise, and life of the instrument, the precision and quality of the measurement of small gears has higher requirements than that of the normal one.
If traditional contact measurement technology and instruments are used to measure small gears, even a thin and small measurement head is difficult to insert into the teeth, resulting in the difficulty in carrying out measurements; also, the contact measurement head sometimes damage the teeth. In addition, the rigidity of the measuring rod is poor, it is difficult to determine the deformation error caused by the measuring rod, the error is difficult to read, the measurement accuracy and repeatability are difficult to guarantee, and sometimes it is impossible to do the measurement at all. Because of the small modulus, it is difficult to obtain the tooth profile with the naked eye. It needs to be aligned under the microscope, which is inconvenient for the measurement [3] . Therefore, high-automation requirements of the measuring instrument are required. Some studies introduced the contact gear measuring instrument developed recently, it is found that the minimum gear modulus can be measured as 0.2 mm, and the diameter of the measuring rod is 0.25 mm [2] . In 2003, the researcher from Ogashihara company has found that it was difficult to measure the gears with modules that are less than 0.3 mm using contact instruments [4] . Therefore, the existing contact measurement techniques and instruments are still unable to meet the requirements of the precision micro gear, especially the precision measurement of micro gears that are produced by mass production [2] .
Contact CNC (Computer Numerical Control) micro-gear measurement based on the coordinate method [5] is one of the current methods of detections for small-module gears. This method has high precision, high measurement efficiency, and a wide application range [6] , but the tooth profile detected by this contact measurement cannot be too small, and therefore, it cannot meet the requirements of micro gear measurement. Non-contact measurement technology based on CCD (Charge Coupled Device) measurement [7, 8] is the second common technique that has the advantages of non-contact, fast speed, and strong anti-interference ability in the field. However, it also has the problem that only the tooth profile of the end face of the gear can be detected, and it is difficult to detect the tooth profile in the direction of tooth width. Contact measurement technology based on an optical fiber probe [9, 10] and gear meshing measurement technology is employed. Although the fiber optic probe has begun to be applied to measure the small-module gear, the main problem of the optical fiber probe is its measuring efficiency and its value transfer [3] .
Optical coherence tomography (OCT) is a technique to measure and process the interference intensity of scattered light in the measured sample with the reference light by using the light interference principle. Subsequently, a high-resolution depth image is reformed to express the internal microstructure of the sample [11] . The technique has the ability of biopsy, with a resolution up to micrometers, and it can obtain non-invasive two-dimensional and three-dimensional images [12] , and now it has been used in in industrial fields for the measurement of tablet coatings [12] , fiber composites, MEMS (Micro Electro Mechanical Systems) devices [13] , thin sheets and artworks, etc. In the present work, we applied OCT to the measurement of the micro-gear with a modulus of 0.5 mm, and the detection of the tooth profile of interest was carried out. The module, tooth number, pressure angle, modification coefficient, and other basic parameters of the gear were obtained in the work. In addition, by controlling the rotation degree of the sample platform, optical measurements can be carried out on different parts of the tooth profile. For example, parameters such as tooth thickness and pitch can be obtained by measuring the profile of the tooth side; also, the reconstruction of the entire tooth profile with a smaller modulus gear such as 0.2 mm can be realized by using data imaging algorithms.
The optical coherence tomography method is used to measure the small-module gear, which can avoid the contact measurement problem caused by the small size of the measured part [14] , and can increase the measurement precision. Furthermore, it can also solve the difficulty that visual measurement and microscopic measurement are unable to obtain the contour of any position in the depth direction of the tooth width.
Methods and Experiments
A spectral domain OCT system (GAN 210C1, Thorlabs, Newton, New Jersey, United States) was used for the measurement of a small-module copper gears. The center wavelength of the light source was 930 nm. The horizontal resolution in air was 6.0 um. The sensitivity was 93 dB for a 36 kHz scanning speed, and 101 dB under a 5.5 kHz scanning speed [15] . The schematic diagram of the system was shown in Figure 1 . The scanning range in the experiment was 6 mm × 3 mm, including 1024 × 1024 sample points. The size of each sample point was 5.86 um ×2.85 um.
Measurement of the Geometric Parameters of the Gears
As the light transmits from the tooth tip to the tooth root during the tooth profile measurement, the reflected light received will be the best if the detector is at the vertical incident position. Therefore, when the gear tooth is vertically placed, the reflected light of the tooth tip and tooth root is the strongest. When we were interested in the profile of the tooth side, we could get a clear profile of the tooth side by rotating the gear at a certain angle, making the tooth side perpendicular to the incident light. Different tooth profiles with different angles of incident light were measured, as shown in Figure 2 . It demonstrated that the smaller the angle between tooth surface and incident light, the better the OCT profile of the tooth. Therefore a best configuration as in Figure 2b was chosen for measurement and analysis, as follows. 
Analysis of Module, Addendum Coefficient, and Top Clearance Coefficient
The gear module is defined as a basic parameter of gears. The parameters of the gear reference circle diameter, tooth tip circle diameter, tooth root circle diameter, tooth thickness, and tooth width are closely related to the module [16] , and they determine the size of the tooth. Therefore, it is very important to map out the gear modulus first when measuring the gear parameters. Figure 3a showed an OCT image of a small-module metal copper gear. The figure contained four teeth in the scanning range. The OCT image was firstly binarized by using the "im2bw" function in MatLab R2014a (MathWorks, United States). Second, the "imfill" function was employed to fill the image and to remove internal holes. Finally, the contour of the gear was extracted using the "bwperim" function. The edge position of the tooth tip and the tooth root of the gear could be obtained by the slope of the tooth profile, which was shown in Figure 3 . The tooth tip was located at the position where the slope of a tooth profile changed from positive to negative, whilst the tooth root was at the position where the slope changed from negative to positive. The depth of the gear h could be calculated once the tooth tip and root were achieved. In addition, in order to reduce the errors of the location of the tip and root of the tooth, we measured three tooth profiles, and we calculated the average depth of the gear of three teeth to determine a more accurate tooth height. Subsequently, the modulus m could be obtained as:
where h a * is the addendum coefficient and c * is the top clearance coefficient. These two normative tooth parameters had been used in Equation (1) (h a * = 1.0, c * = 0.25 for normal tooth and h a * = 0.8, c * = 0.3 for short tooth) [17] . Generally, in Table 1 , the two columns are the series of modulus values. The values at the second column are for the first series, and those at the third column are for the second series. The modulus in the first series should be used preferentially, followed by the second series; the modulus in parentheses should be used as little as possible [17] . From the OCT tooth profile, we could obtain a tooth height h = 1.10 mm. For a normal tooth, the modulus could be obtained as m = 0.49 whilst m = 0.57 for a short tooth. Therefore, from Table 1 , the gear should be a normal tooth gear, where the modulus was 0.5 mm. Comparing with the standard value module series table shown in Table 1 , the measured modulus is close to the normative one, and the relative difference is 2%. 
. Calculation of Tooth Number
After the tooth profile was obtained by optical coherence tomography imaging, the tooth number could be calculated according to the tooth tip or the root position of any three teeth. The calculation process is shown in Figure 4 . Because of the distance between the tooth center to the tip of any tooth is equal theoretically, the tooth center should be on the perpendicular bisector of the connection of the top of any two teeth. By calculating the intersection point of the perpendicular bisector of the 1-2 line and the 2-3 line, the location of the tooth center is determined. We also could determine other possible tooth centers by calculating 2-3-4, 1-3-4, or 1-2-4 lines. The error of the tooth center position was reduced by calculating the mean value of the O coordinate.
Secondly, we could connect the tooth center O with any tooth tip position. Subsequently, the distance of the connected line was Ra of the tooth tip circle radius, which is calculated as R a = 8.282 mm by:
where the value of the modulus was determined as 0.5 mm, h a * value was determined as 1, and the number of teeth z was 30. The parameters of the gear were identical with the known parameters. When z was 30, the real addendum circle diameter R a−real was 8.2 mm, as calculated by Equation (2) by the tooth number and the modulus obtained; hence, the relative error is |8.282 − 8.2|/8.2 = 1%.
Calculation of Pressure Angle, Modification Coefficient, and Tooth Thickness
The values of the standard pressure angles are 20 or 15 degrees [16] . It can be calculated by the value of the common normal length. The common normal length W k is defined as the straight line distance between the tangential points of two parallel planes and two pairs of tooth surfaces. When using a gear tooth micrometer to carry out the measurement, its two measuring surfaces and involute tooth profile surfaces should be tangential to the location near the gear reference circle. In OCT profile images shown in Figure 5 , the common normal length across two teeth was measured by W k , and the common normal length across three teeth by W k+1 ; so that the pressure angle α could be calculated by Equation (3) [18] : Figure 5 . Calculation of pressure angle, modification coefficient, and tooth thickness using optical coherence tomography imaging by any three teeth. W k : the common normal length across two teeth. W k+1 : the common normal length across three teeth. S b : tooth thickness. P b : pitch of the tooth.
By obtaining OCT images of more teeth numbers, and by measuring the average length of a common normal length between different teeth several times, the accuracy of the common normal length and the pressure angle measurement can be further improved. In our current OCT system, the tooth profiles of six teeth were measured in the experiment simultaneously. The results of W k+1 = 3.745 mm, and W k = 2.233 mm were obtained. Further, the pressure angle of the gear α = 15.62
• was achieved with a relative difference of 4% between the normal one.
When cutting a gear, if the gear is not installed in a standard manner and the cutter is kept away from or close to the turning center of the blank wheel, the dividing line of the cutter will no longer be tangential to the reference radius of the gear being machined. This method of machining a gear by changing the relative position of the cutter and the gear being machined is called modification correction. A gear that is processed by this method is called a modified gear, and gears with less than 17 teeth usually need to be processed by modifying. The modification coefficient x can be obtained by Equation (4) by the length of the common normal line across two teeth W k and the standard common normal line W k [18] .
where k is the tooth number been selected, and invα is the gear involute function. By using Equation (5), we could obtain W k = 2.364 mm, therefore, x = −0.505 could also been achieved. The value was consistent with experience of using a negative modification coefficient for big gears (gears with more teeth in the transmission often use the negative modification coefficient x) during general machining. Furthermore, the tooth thickness S on the actual reference radius can be determined by the numerical size of the common normal line. By the conversion of the equation as follows [19] :
The tooth thickness can be calculated according to the common normal line:
The tooth thickness calculated by the equation was S= 0.781 mm. When the modulus was 0.5mm, the pitch of tooth was p = πm = 1.57 mm. It could be seen that the calculation result was very close to half of the pitch, and the results are close to the actual values.
Factors Affecting Optical Coherence Tomography Gear Measurement

Gear Material
The profile of the gears with two different materials were measured respectively in Figure 6 , which showed the profile of the blackened steel gear. As can be seen, the edge of the profile was not as sharp as the copper gear shown in Figure 3 . The reason for that is because that the light was less reflective for the steel (especially the blackened one) than for the copper, and the interference light intensity received by the detector was weaker. In addition, the plastic gear was imaged, as shown in Figure 6b . Since the light could penetrate the plastic material, the penetration depth can be seen from the figure to be about 60 um, and therefore, the fracture of the plastic gear near the surface could be detected. 
Tooth Shape
When the gear modification correction was used in manufacturing, the modulus, tooth number, and pressure angle of modified gear remained unchanged, compared to the standard gear. However, in the gear with a positive modification coefficient, the tooth tip circle and the tooth root circle increased correspondingly, and both the reference circle, tooth thickness, and the tooth root circle thickness increased, and the tip of the tooth profile becomes sharper. During OCT, the imaging light could easily reach the tooth profile surface and obtain a complete tooth shape. In the gear with a negative modification coefficient, the tooth tip circle and the tooth root circle decreased, and the reference circle tooth thickness and tooth root circular tooth thickness both decreased. In the position of the tooth root, there might be some areas where light cannot be reached, which has a great impact on the integrity of the profile. As shown in Figure 7a , the solid line was the measurement profile of the gear, and the dotted line of m-m was the undetectable profile. However, we could rotate a certain angle to detect the root profile, as shown in Figure 2b . 
Gear Roughness
When the surface roughness of gear is different, the reflection of the incident light from the gear surface will be different. The smaller the surface roughness of the gear, the better the imaging quality of the tooth surface. The reason is that light scattering will occur on the rough surface, and thus, it will affect the accuracy of the OCT measurement. Figure 8 shows two OCT images for two gears with different roughnesses. The roughness for the gear in Figure 8a is smaller than that in Figure 8b . However, from the figure, we cannot differentiate the OCT image quality, due to the roughness effect. Figure 8d . However, as can be seen from the figures, these FFT results of the spectrogram contained some noise. There could be some solutions to increasing the signal-to-noise ratio (SNR) of the OCT system, for example, increasing the intensity of incident light, and adding a short focal length convex lens that is closer to the gear surface, to collect the scattered light, etc. 
Whole Teeth Profile Imaging
The profile image and its data matrix at different positions could be obtained by rotating the gear. The location characteristics of the tooth tip or the tooth root were used as the basis to conduct the combination of data matrix; the contour map of the entire tooth profile could be achieved intuitively.
The tested gear was a small copper gear with a modulus of 0.2 mm. Whole tooth profile imaging by OCT is shown in Figure 9a . Due to the small gear tooth profile, we also used a metallographic microscope for tooth profile detection. The measurement was under five times magnification for the objective lens (minimum magnification). The field number of the eyepiece of the metallographic microscope that we used was 18 mm, according to Equation (9):
here, FN is the field number of the eyepiece, eta is the magnification of objective of the lens, and F is the field of view of the objective lens. After calculation, with the objective lens with the lowest magnification of five times, the field of view that the objects could be observed at was 3.6 mm, indicating the limited measuring range of metallographic microscopy [20] . As shown in Figure 9b , it only could obtain profiles of 2-3 teeth in the gear images. At the same time, a poor continuity of the tooth profile curve was achieved. We could not calculate the gear parameters because at least three teeth were needed to be obtained for the calculation. At the other hand, the metallographic microscope (if mounted on a stage) can acquire several images and reconstruct the full gear. Therefore, OCT here is much faster, for the industrial applications required. In the OCT experiment, the measurement range was 10 mm × 10 mm; therefore, using the OCT method to measure the tooth profile of a small-module gear allows for a higher flexibility and a larger application range than the metallographic microscope. In addition, the metallographic microscope could only measure the tooth-end face of the gears, while OCT could select the tooth profile of any section in the direction of the tooth width. As shown in Figure 9c , the scan line can be anywhere from 1 to 1 without being limited to the end face, then the tooth profile condition in any direction of tooth width can be judged. Therefore, OCT has specific and unique advantages.
Systematic Evaluation of the Measurement Capabilities of the OCT Gear Measurement
For a measurement system, uncertainty, repeatability, and reproducibility were often used to evaluate the measurement capability [21] . Taken gear modulus analysis as an example, six measurements for each gear have been carried out to obtain the tooth height (as shown in Table 2 ) from which the modules can be calculated using Equation (1) . The measurement uncertainty can be expressed by using standard deviation. The measurement repeatability EV is the variation of the measured value that is obtained by the same operator by using the same measuring tool and by measuring the same characteristics of the same sample many times, as described by Equation (10) [22] .
where R 1 , R 2 , and R 3 are the range of repeated measurements averaged across the samples by operators #1, #2, and #3, respectively; K 1 is the adjustment factor. When the number of measurements is 3,
The reproducibility AV is the variation of the mean value of the same part, measured with the same measuring instrument by different operators when measuring the same characteristics of the same sample, described by Equation (11) [22] as:
where X is the mean value of the sample average, consisting of replicate data that are obtained by one operator.X max is the maximum of X among the operators. Similarly, X min is the minimum of X among operators; K 2 is the adjustment factor. When the number of the operators is 3, K 2 = 0.5231, n is the number of samples, and r is the number of measurements. Changes due to instrument variation can be obtained by repeatability values EV, and changes due to human variation can be obtained by reproducibility values AV. We chose 10 gears with modulus of 0.5 mm that represent process changes; three operators repeated three consecutive measurements on the 10 products. The depths of the gears as measured by different operators were achieved as in Figures 10-12 (three measurements for each sample). The dotted line is the limit of the data. Further, we obtained the relationship between the sample number, range, and different operators, as in Figure 13 . From the figure, we obtained the controllability of the measurement process and the consistency of the operators' measurement process for each sample; more attention needed to be paid to the measurement of the first operator's ninth sample, which might be a case of large error, because it exceeded the upper control limit of the range (UCL R ). According to the formula in reference [23] , the total mean range R, the repeatability (%EV), and the reproducibility (%AV) were obtained as 0.005 mm, 20.36%, and 17.2%, respectively. Finally, the system's repeatability & reproducibility value (%R&R), calculated by using the equation in reference [23] , was 26.67%. The value is within the acceptable limit of 30% [23] .
Discussions
In this work, an optical coherence tomography system was used to measure the micro gear with a small modulus of 0.2 mm and 0.5 mm. The feasibility of the measurement of the gear parameters by optical coherence tomography was verified by the experiments, such as module, tooth number, pressure angle, modification coefficient, and tooth thickness. Furthermore the whole-tooth profile imaging was carried out. The reconstruction errors mentioned above can be reduced by proposing the improved algorithm; part tilting and scanning deformation errors can be avoided by the system adjustment. Through these methods, the cumulative errors can be further reduced. This method is convenient and practical for small-module gear measurement, and it has strong innovative significance. Since its resolution is less than 10 um, the method can also be applied to gear measurement with a modulus of less than 0.2 mm, and a pitch of 0.628 mm. However, further improvements regarding the robustness of the measurement can be reached by implementing surface-fitting algorithms, which will result in sub-pixel accuracy. It needs to be investigated, if these algorithms have optimum performance if applied to A-or B-scans.
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